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Abstract: Environmental emissions from additive manufacturing (AM) have attracted much attention recently. 
The capability in fabricating complex part make AM famous in developing prototype and product in various 
industries, especially in aerospace, medical, automotive, and manufacturing industries. However, the study on 
emission and exposure mainly focusses on the desktop type such as fused deposition modelling. This study 
investigates the emission and indoor concentration from powder bed fusion of selective laser sintering (SLS) 
technologies. Prior to the investigation, virgin PA12 has undergone characterization in terms of morphology, size 
and thermal analysis. Calibration block using virgin polyamide nylon (PA12) is selected to be printed in this study. 
Parameters such particulate matter size 2.5 µm (PM 2.5), total volatile organic compound (TVOC), carbon dioxide 
(CO2), formaldehyde, temperature and relative humidity (RH) are set to be monitored through real-time sampling 
of 8 hours based on Industry Code of Practice on Indoor Air Quality 2010 by Department Occupational Safety and 
Health (DOSH) Malaysia. Four phases of the printing process involve are background data, preprinting, during 
printing and post-printing. Based on the study it was found that PM 2.5 and CO2 exceed the acceptable limit 
recommended by DOSH Malaysia during the preparation of powder (preprinting) at 1218 ppm and 1070 µg/m3 
respectively. Meanwhile TVOC concentration was influenced by the sintered powder temperature and recorded at 
0.5 ppm. Temperature, relative humidity and formaldehyde were maintained throughout the SLS process. 
Mitigation strategies using mechanical ventilation and personal protective equipment (PPE) are recommended to 
be used to reduce the potential of occupational hazard to the operators.   
Keywords: Additive manufacturing, selective laser sintering, indoor air quality, occupational exposure, and 3D 
printing 
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1. Introduction 
Additive manufacturing (AM) has been widely applied in various type of industries, including automotive, 
constructions, biomedical, and aerospace. It is estimated that by 2025, AM could generate and impact the global 
economy of 200 billion – 600 billion USD [1]. The capability of AM in fabricating a wide range of structures and 
complex geometries make AM stands out as one of the promising technology presently. The process of joining 
materials to make objects from three-dimensional data (3D) are using various kind of materials including metals, 
polymers, ceramic, composite or biological materials [2]. Several AM technologies exist, depending on material and 
process category. Table 1 below summarizes AM process technologies that present worldwide.  
 
Table 1: AM process, technologies and materials [3], [4]. 
Process Technology Materials 
Material extrusion  FDM Thermoplastics 
Material jetting  MJM Photopolymers, thermoset plastic or wax 
Binder jetting  3DP Plastic and metal powder, with binding agents 
Sheet lamination LOM Paper with adhesives 
Vat photopolymerization  SLA Liquid photopolymer, ceramic 
Powder bed fusion SLA, SLM, EBM Polymer or metal powders 
Direct energy deposition LMD, LENS Metal powders  
Notes: FDM (fused deposition modelling), MJM (material jetting machine), 3DP (3D Printing), LOM (laminated object manufacturing), SLA 
(stereolithography), SLM (selective laser melting), EBM 9electron beam melting), LMD (laser metal deposition), LENS (laser engineered net 
shaping). 
 
In the last three decades, AM technologies have been progressively developed. The potential to reduce cost, waste, 
and ability to produce complex design and customization makes AM more preferable in industry and consumer. 
Therefore, AM has drawn high interest from industries, research and academic communities [5]. The interest from 
industries and consumer increase the question on occupational exposure of AM to the operators and indoor air quality. 
The industrial processing of thermoplastics where above 180 °c to 280 °c could lead to various exposure of chemical 
and aerosol emission [6]. Meanwhile, Jianwei Gu et al. in their study revealed that 3D printing emission likely consists 
of semi-volatile substances where can be found in particles and gas phases during operation of 3D printing [7]. Other 
electronic devices also may be exposed to variety of chemical and aerosol emission [8]–[10]. The impact of 
occupational exposure and poor indoor air quality has been identified as a major contribution of occupational diseases 
and sick building syndrome [11]–[13]. 
        Polymers powder are the most common material used in SLS. Polyamide (PA) like nylons (PA12) is semi-
crystalline polymers were reported to have high strength, fatigue resistance, high thermal stability and excellent surface 
resolution [14]. During SLS printing process, only powder which heated by the scanning action will crystallize to 
become the final product, and others remain and turn to recycled powder as presented in Figure 1. SLS is using a laser 
as a power source to sinter the material, which is in powder forms such as nylon 11, nylon 12 also known as polyamide 
11 (PA11), and polyamide 12 (PA12). The powder is then sintered on a platform layer by layer and stick together to 
turn into a solid object. In contrast to other approaches, this technology does not require any supporting object to print 
any kind of designed product [15], [16]. 
      Respirable and inhalable dust (PM1, 2,5 and 10 µm), volatile organic compound and other chemical 
compound are exposed to the environment and harmful to the operator and indoor air quality. Justin et al. [18] have 
address the impact of SLS present a higher potential for physical hazard and exposure of ultrafine particles (UFP) from 
FDM 3D printer. Health impact from AM process has been discussed by several researchers. The popularity of fused 
deposition modelling (FDM), and low cost of the process make FDM among top 3D printer that leads in environmental 
emission study of AM [19]–[25]. Nevertheless, the study on SLS emission still limited due to its high cost of operation 
especially machine and powder. To date, Pal Graff  et al., [26] have conducted a pilot study on occupational exposure 
on SLS 3D printer, using metal powder. The operator of the machine exposes direct exposure from powder handling, 
thus process control, personal protective equipment nor using less hazardous material might reduce the cause. This 
paper investigates airborne emission of respirable dust, and another environmental emission from SLS 3D printer using 
polyamide (PA12) nylon powder.  
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Figure 1:Typical SLS chamber[14] 
  
2. Methodology 
The polyamide nylon (PA12) virgin powder is collected from well-known SLS powder supplier. The powder was 
purchased (RM 400/kg) with bulk density of 0.4 g/cm3, density of part 0.95 g/cm3, melting point 183°C and the 
powder is in white color. Before airborne investigation begins, polyamide nylon (PA12) powder was undergone 
characterization to understand on morphology, composition, sizer and thermal analysis [27]. Prior to the 
investigation, polyamide nylon was characterized in term of its morphology, particle size analysis, and 
thermogravimetric analysis. The environmental emission monitoring from selective laser sintering (SLS) are 
divided into four phases, where: 
 
A: Background data 
B: Pre-processing (powder preparation and powder mixing)  
C: Processing (SLS printing) 
D: Post processing (powder cake break)  
 
2.1 Characterization 
Thermogravimetric analysis (TGA) is used to measure the weight changes in a material as a function of 
temperature or time under the controlled atmosphere. TGA also used to determine the material decomposition and 
thermal stability. In this work, thermal analysis properties of polyamide nylons (PA12) were analyzed using a 
Thermal Gravimetric Analyzer Linseis Model. Thermal analysis was conducted at room temperature until 600ºC 
with heating rate 10 ºC / min.  Scanning Electron Microscopy (SEM) is used to observe images of surface 
morphology of the powder[22-23]. It has a magnification range of 5,000-50, 0000 and operates at 2.0 kV – 5.0 kV 
of accelerating voltage. Particle Size Analysis (PSA) is used to observe the tabulation size of the powder. PA12 
nylon sample was collected and undergo size analysis. The tabulation size of PA12 powder before SLS 3D 
printing process were analysed to measured particulate matter exposed during powder preparation phase [30].  
 
 
2.2 Experimental setup 
Selective laser sintering (SLS) 3D printer is manufactured by Farsoon model SS402P located at SLS Laboratory 
FTKMP of Universiti Teknikal Malaysia Melaka (2°16'40.4"N 102°16'32.4"E). The SLS machine has an 
external dimension size of 2660mm x 1540mm x 2150mm and weight of 3000 kg. The maximum build product 
in the SLS chamber is 400mm x 400mm x 450mm. CO2 is used as a laser with 100W power while scanning 
speed is 12.7m/s. The laser wavelength is 0.3mm and 0.1mm thickness of powder layer for every rotating roller. 
Calibration block from the manufacturer [7], [31] with dimension 143mm x 143 mm x 23 mm was set to be print 
in this study as depicted in Figure 2. The laboratory is set to be 20 °C and relative humidity to be maintained 
around 60% [32]. The sampling strategies such as a number of sampling point, sample position, sampling period 
and sampling technique accordingly to Industry Code of Practice on Indoor Air Quality 2010, Department of 
Occupational Safety and Health (DOSH) Malaysia [33]. Total time for the measurement is 8 hours  (480 
minutes) for calibration block printing. The environmental emission monitor the ing from SLS is divided into 
four phases, where a) background data; b) pre-processing (powder mixing), c) processing (SLS printing), and d) 
post processing (powder cake break).Real time monitoring were used to measure respirable particulate matter 
(PM2.5), total volatile organic compound (TVOC), carbon dioxide (CO2), temperature and relative humidity 
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along the process. Table 2 presents equipment’s involves in measuring airborne and environmental emission of 
SLS 3D printing process. 
 
 
Figure 2: Calibration block layout by the manufacturer (in mm) 
 
Table 2: Equipment’s involves in emission monitoring 
 
Parameter Equipment’s/ brand 
Respirable particulate (PM2.5) Dustrak (DRX Aerosol monitor model 8533, USA, 
TSI Inc) 
Total volatile organic 
compound (TVOC) 
ppbRAE monitor (ppbRAE 3000, USA, RAE 
System Inc) 
Carbon dioxide (CO2) Environmental Monitor (EVM 7, USA 3M) 
Formaldehyde Formaldemeter htV-m (PPM Technology, UK) 
Temperature (°C) Environmental Monitor (EVM 7, USA 3M) 
Relative humidity (RH) Environmental Monitor (EVM 7, USA 3M) 
 
The sampling strategies such as a number of sampling point, sample position, sampling period and sampling technique 
are according to the Industry Code of Practice on indoor air quality 2010. The interval times for data measurement were 
5 minutes. There are two rooms involve in this project with a dimension of 6 m length x 4 m width x 3 m height where 
24 m² involves as depicted in Figure 3.  
 
 
Figure 3: Sampling points and SLS laboratory arrangement 
Legends: 
A- 3D Printer 
B- Cooling fan 
C- Powder cleaning machine 
D- Mixing machine 
E- Sand blasting machine 
S1-   Sampling point 1 
S2-   Sampling point 2 
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2.3 SLS Printing Process 
Selective laser sintering is categorized as a powder bed fusion AM process. SLS printing process divided into 
three main parts:1) preparation of powder/material, 2) SLS printing process and 3) post-processing. Preparation and 
post-processing identified as the main source of dust contribution in the laboratory [34]. Figure 4 enlighten the whole 
process of SLS printing process. Background data were monitored for 30 minutes before the powder preparation start. 
Figure 4 (a)-(d) illustrates the activity involves in the pre-printing process (30-140 minutes). The powder was weighted 
accordingly to the SLS machine recommendation. Figure 4(d) shows that the SLS machine is operated at 140-360 
minutes. Figure 4 (f)-(h) present the post-printing task (360-480 minutes). The total time taken for this monitoring is 8 
hours [33]. 
 
 
 
 
Figure 4: SLS 3D printing process 
 
3. Results and Discussion 
Several analyses were done to investigate the characteristics of the virgin polyamide nylon (PA12). Scanning 
electron microscopy (SEM), particle size analysis (PSA), thermogravimetric (TGA) and derivative thermo-gravimetric 
(DTG) analysis presented in this study. Indoor concentration during four phases of SLS printing process was also 
presented. 
 
3.1  Morphology, Size Tabulation and Thermogravimetric 
Figure 5 shows the SEM images of virgin PA12 nylon powder. As shown, the PA12 powder relatively uniform sphere 
shapes. The regular shapes and particles sizes of PA12 powder obey Gausian distribution, conducive to the powder 
flowability. This behaviour will make is easy for the powder to spread in the SLS chamber [35]. The spherical structure 
and size also confirmed by the particle size analysis (PSA), with size distribution around 60µm as depicted in Figure 6 
(a). Meanwhile, Figure 6 (b) illustrates TGA and DTG of the virgin PA12 powder. Remarkably, TGA curve shows 
several steps of mass loss: (i) at temperature around 300ºC, a low level of water absorption which is about 10% was 
observed, (ii) at around 300ºC to 400ºC with another 10% loss, (iii) at around 400ºC  to 480ºC, corresponds to the most 
important mass loss during thermal decomposition and (iv) final mass loss at 550ºC. These results are in line with those 
obtained by Dotchev and Yusof [36], Dadbakhsh et al.[28] and Way et al. [37]. It was shown that the powder may be 
spreading continuously during SLS printing process as the process takes place at a temperature around 200ºC [36]–
[38]. Therefore, dust exposure during powder handling could appear during and after the sintering process.  
Pre-processing  
SLS 3D printing  Post processing 
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Figure 5: SEM images a) 200x resolution, b)500x resolution, c)1000x resolution 
 
Figure 6: PSA and TGA analysis of PA12 SLS powder 
 
3.2 Indoor air emission 
The concentration of PM 2.5 and carbon dioxide (CO2) are depicted in Figure 7. As expected, the concentration of 
PM 2.5 and CO2 relatively maintain before any SLS process started. At 30 minutes, preparation of the powder where 
powder weight, mixture and transferring process to the SLS chamber. The generation of the respirable dust measured to 
be at peak along the process, at averaged 1070 µg/m3 (SD=253.07). Meanwhile, CO2 shows the highest value at 
minutes 95 at 1218 ppm. The trend tremendously decreases when the SLS printing process starts. The SLS chamber is 
fully closed, and the generation in the chamber is controlled. Post printing phases illustrate the increment of CO2 at 
minutes 400, where shows 833 ppm. The respirable dust shows maintain the same trend with during printing process. 
The generation of respirable dust (PM2.5) are exposed significantly while operator handling the powder (preparation of 
powder) during the pre-processing task is agreed by Pal Graff et al., (2016) [26]. The release of CO2 during powder 
handling may influence by the low efficiency of ventilation and air change rate in the laboratory. The roles of electronic 
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devices and mixing process increase the contribution of CO2 [8], [32]. Table 3 indicates the indoor temperature, RH, 
TVOC and formaldehyde monitoring during this experiment. The temperature of the SLS laboratory shows the highest 
value during SLS printing process. This relatively influences by the heat generated from the laser sintering process 
[32]. The air conditioning supply to the room decreases the level of RH in the laboratory, where the trend shows 
decrease value and keep maintain around 50-60% of RH. Total volatile organic compound (TVOC) hit the highest peak 
at post printing period where 0.5 ppm. The TVOC emissions influenced by the powder cake that has been sintered, and 
this remarkably indicates the sintered powder during post-printing process will contribute to the increment of TVOC 
[7], [39]–[42]. Formaldehyde does not show any significant changes during the whole SLS process. The generation of 
PM2.5 and CO2 during powder preparation exceed the recommended limit by DOSH Malaysia (PM 2.5 <0.15 mg/m3 
and CO2< 1000 ppm) [33][43]. In this SLS process, the respirable dust and particulate matter from SLS process shows 
significant exposure where tend to penetrate into human respiratory system [44]. 
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Figure 7: PM2.5 and carbon dioxide concentration during SLS printing process. 
 
Table 3: Indoor temperature, relative humidity, TVOC and formaldehyde 
 Process Background 
data 
 
0-30 minutes 
Pre-printing 
(powder 
preparation) 
30-140 minutes 
SLS 3D 
Printing 
 
140-360 minutes 
Post printing 
 
 
360-480 minutes 
 
Temperature 
(°C) 
Avg 27.50 24.20 28.10 23.89 
Min 27.50 22.50 24.00 22.40 
Max 27.60 26.90 32.20 28.80 
Std.Dev 0.04 1.78 2.54 1.192 
Relative 
humidity 
(RH%) 
Avg 60.93 57.07 51.19 53.70 
Min 57.91 53.10 42.56 51.50 
Max 64.40 59.30 56.80 58.10 
Std.Dev 2.45 1.59 3.93 1.62 
Total Volatile 
Organic 
Compound 
(ppm) 
Avg 0.037 0.38 0.237 0.356 
Min 0.30 0.30 0.10 0.20 
Max 0.40 0.44 0.40 0.50 
Std.Dev 0.051 0.043 0.086 0.119 
 
Formaldehyde 
(ppm) 
Avg 0.025 0.04 0.026 0.037 
Min 0.02 0.02 0.02 0.02 
Max 0.04 0.05 0.04 0.05 
Std.Dev 0.008 0.0094 0.006 0.01 
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4. Conclusion 
The monitoring of environmental concentration in this SLS process relates to the occupational hazard of SLS faced 
by operators. The main goal of the current study was to determine the concentration of indoor environment during SLS 
printing process using virgin polyamide nylon (PA12) powder. Contribution of dust and chemical compound 
significantly exceed recommended value where must be below than 1000 ppm (CO2) and 0.15 mg/m3 (respirable dust). 
Mitigation strategies and personal protective equipment are necessary in order to decrease occupational hazard to the 
operators. CO2 and PM 2.5 show the highest value during powder preparation process. This research serves as a base 
for future studies in promoting a better strategy to reduce the occupational hazard of AM process. These findings 
provide the following insights for future studies on the comparative study on indoor concentration and relationship 
towards emission using a different ratio of virgin powder and recycle powder.  
 
Acknowledgement 
The author thanks the Faculty of Engineering Technology Mechanical and Manufacturing (FTKMP) Universiti 
Teknikal Malaysia Melaka (UTeM) for support of equipment’s, materials and machine for this study.. 
References 
[1] D. R. Eyers and A. T. Potter (2017), “Industrial Additive Manufacturing: A manufacturing systems perspective,” 
Computer. Industry, vol. 92–93, pp. 208–218. 
[2] Y. Huang, M. C. Leu, J. Mazumder, and A. Donmez (2015), “Additive Manufacturing: Current State, Future 
Potential, Gaps and Needs, and Recommendations,” Journal Manufacturing Science Engineering, vol. 137, no. 1, 
p. 014001. 
[3] D. Duncan (2015), “Additive Manufacturing (or 3D Printing),” DSP J., vol. October, pp. 3–10. 
[4] T. A. Le Néel, P. Mognol, and J.-Y. Hascoët (2018), “A review on additive manufacturing of sand molds by 
binder jetting and selective laser sintering,” Rapid Prototyping Journal, p. RPJ-10-2016-0161. 
[5] J. R. C. Dizon, A. H. Espera, Q. Chen, and R. C. Advincula (2017), “Mechanical Characterization of 3D-Printed 
Polymers,” Additive Manufacturing. 
[6] J. Unwin, M. R. Coldwell, C. Keen, and J. J. McAlinden (2013), “Airborne emissions of carcinogens and 
respiratory sensitizers during thermal processing of plastics,” Annals of Occupational Hygiene, vol. 57, no. 3, pp. 
399–406. 
[7] J. Gu, M. Wensing, E. Uhde, and T. Salthammer (2019), “Characterization of particulate and gaseous pollutants 
emitted during operation of a desktop 3D printer,” Environment International, vol. 123, no. January, pp. 476–485. 
[8] A. A. M. Damanhuri, A. M. Leman, A. H. Abdullah, and A. Hariri (2015), “Effect of toner coverage percentage 
and speed of laser printer on total volatile organic compound (TVOC),” Chemical Engineering Transaction, vol. 
45, no. February 2016. 
[9] A. Joonas et al., (2019), “Science of the Total Environment Source speci fi c exposure and risk assessment for 
indoor aerosols,” vol. 668, no. February, pp. 13–24. 
[10] H. Wang, C. He, L. Morawska, and P. Mcgarry (2012), “Printer-generated ultrafine particles : the role of ozone,” 
in 10th International Conference, Official Conference of the International Society of Indoor Air Quality and 
Climate, 8-12 July 2012, Bribasbane Exhition and Convention Centre, 2012, no. July. 
[11] P. Wolkoff, C. K. Wilkins, P. a Clausen, and G. D. Nielsen (2006), “Organic compounds in office environments - 
sensory irritation, odor, measurements and the role of reactive chemistry.,” Indoor Air, vol. 16, no. 1, pp. 7–19. 
[12] S. N. Mohd Dzulkifli, A. H. Abdullah, Y. Y. Lee, and M. M. Suhaimi Shamsuri (2018), “Classification of 
Potential Risk Factors through HIRARC Method in Assessing Indoor Environment of Museums,” International 
Journal Integrated Engineering., vol. 10, no. 8, pp. 43–55. 
[13] A. Hariri, N. A. Paiman, A. M. Leman, and M. Z. Md Yusof (2014), “Development of Welding Fumes Health 
Index (WFHI) for Welding Workplace’s Safety and Health Assessment.,” Iranian Journal of Public Health, vol. 
43, no. 8, pp. 1045–59. 
[14] S. K. Tiwari, S. Pande, S. Agrawal, and Santosh M. Bobade (2015), “Selection of selective laser sintering 
materials,” Rapid Prototyping Journal, vol. 21, no. 6, pp. 630–648. 
[15] A. Ramya and S. I. Vanapalli (2016), “3D Printing Technologies in Various Applications,” International Journal 
Mechanical Engineering Technology, vol. 7, no. 3, pp. 396–409. 
[16] S. Kumar and A. Czekanski (2017), “Development of filaments using selective laser sintering waste powder,” 
Journal Cleaner Production, vol. 165, pp. 1188–1196. 
[17] A. A. M. Damanhuri (2013), “Monitoring of Air Ducting Using Mechanical Robot for Indoor Air Quality (IAQ) 
Improvement,Universiti Tun Hussein Onn Malaysia”. 
[18] J. Bours, B. Adzima, S. Gladwin, J. Cabral, and S. Mau (2017), “Addressing Hazardous Implications of Additive 
Manufacturing: Complementing Life Cycle Assessment with a Framework for Evaluating Direct Human Health 
Damanhuri et al., Int. J. of Integrated Engineering Vol. 11 No. 5 (2019) p. 140-149 
 
 
 148 
and Environmental Impacts,” Journal Industry Ecology, vol. 21, pp. S25–S36. 
[19] T. R. Simon, G. A. Aguilera, and F. Zhao (2017), “Characterization of Particle Emission From Fuse Deposition,” 
in Proceedings of the ASME 2017 12th International Manufacturing Science and Engineering Conference, pp. 1–
11. 
[20] B. Stephens, P. Azimi, Z. El Orch, and T. Ramos (2013), “Ultrafine particle emissions from desktop 3D printers,” 
Atmospheric Environment, vol. 79, pp. 334–339. 
[21] S. Wojtyła, P. Klama, and T. Baran (2017), “Is 3D printing safe? Analysis of the thermal treatment of 
thermoplastics: ABS, PLA, PET, and nylon,” Journal Occupational Environment  Hygiene, vol. 14, no. 6, pp. 
D80–D85. 
[22] L. Lucattini, G. Poma, A. Covaci, J. de Boer, M. H. Lamoree, and P. E. G. Leonards (2018), “A review of semi-
volatile organic compounds (SVOCs) in the indoor environment: occurrence in consumer products, indoor air and 
dust,” Chemosphere, vol. 201, pp. 466–482. 
[23] Q. Zhang, J. P. S. Wong, A. Y. Davis, M. S. Black, and R. J. Weber (2017), “Characterization of particle 
emissions from consumer fused deposition modeling 3D printers,” Aerosol Science Technology, vol. 51, no. 11, 
pp. 1–12. 
[24] Stefaniak, Aleksandr B, Lebouf, Ryan F,Yi, Jinghai, Ham, Jason,Nurkewicz, Timothy, Schwegler-Berry, Diane 
E., Chen, Bean T.,Wells, J. Raymond, Duling, Matthew G., Lawrence, Robert B, Martin, Stephen B., Johnson, 
Alyson R.Virji, M. Abbas (2017), “Characterization of chemical contaminants generated by a desktop fused 
deposition modeling 3-dimensional printer,” Journal Occupational Environment Hygiene, vol. 14, no. 7, pp. 540–
550. 
[25] Yi, Jinghai,LeBouf, Ryan F.Duling, Matthew G.Nurkiewicz, Timothy Chen, Bean T. Schwegler-Berry, Diane  
Virji, M. Abbas Stefaniak, Aleksandr B. (2016), “Emission of particulate matter from a desktop three-dimensional 
(3D) printer,” J. Toxicol. Environ. Heal. - Part A Curr. Issues, vol. 79, no. 11, pp. 453–465. 
[26] P. Graff, B. Ståhlbom, E. Nordenberg, A. Graichen, P. Johansson, and H. Karlsson (2017), “Evaluating Measuring 
Techniques for Occupational Exposure during Additive Manufacturing of Metals: A Pilot Study,” J. Ind. Ecol., 
vol. 21, pp. 120–129. 
[27] M. E. Vance, V. Pegues, S. Van Montfrans, W. Leng, and L. C. Marr (2017), “Aerosol Emissions from Fuse-
Deposition Modeling 3D Printers in a Chamber and in Real Indoor Environments,” Environment Science 
Technology, vol. 51, no. 17, pp. 9516–9523. 
[28] L. Verbelen, S. Dadbakhsh, M. Van Den Eynde, J. Kruth, B. Goderis, and P. Van Puyvelde (2016), 
“Characterization of polyamide powders for determination of laser sintering processability,” European Polymer 
Journal, vol. 75, pp. 163–174. 
[29] H. Zarringhalam, N. Hopkinson, N. F. Kamperman, and J. J. De Vlieger (2006), “Effects of processing on 
microstructure and properties of SLS Nylon 12,” vol. 436, pp. 172–180. 
[30] D. Sofia, R. Chirone, P. Lettieri, D. Barletta, and M. Poletto (2018), “Selective laser sintering of ceramic powders 
with bimodal particle size distribution,” Chemical Engineering Research and Design, vol. 136, pp. 536–547. 
[31] P. Azimi, D. Zhao, C. Pouzet, N. E. Crain, and B. Stephens (2016), “Emissions of Ultrafine Particles and Volatile 
Organic Compounds from Commercially Available Desktop Three-Dimensional Printers with Multiple 
Filaments,” Environment Science Technology, vol. 50, pp. 1260–1268. 
[32] T. Salthammer (2014), “Release of Organic Compounds and Particulate Matter from Products, Materials, and 
Electrical Devices in the Indoor Environment,” Indoor Air Pollution, vol. 2nd Editio. 
[33] DOSH Malaysia (2010), “Industry Code of Practice on Indoor Air Quality 2010, JKKP DP (S) 127/379/4-39,” 
Minist. Hum. Resour. Dep. Occup. Saf. Heal., pp. 1–50. 
[34] S. Du Preez, A. Johnson, R. F. LeBouf, S. J. L. Linde, A. B. Stefaniak, and J. Du Plessis (2018), “Exposures 
during industrial 3-D printing and post-processing tasks,” Rapid Prototyp. J., vol. 24, no. 5, pp. 865–871. 
[35] P. Chen, Wu, H, Zhu W., Yang L, Li Z, Yan C, Wen S, Shi Y (2018), “Investigation into the processability, 
recyclability and crystalline structure of selective laser sintered Polyamide 6 in comparison with Polyamide 12,” 
Polym. Test., vol. 69, no. May, pp. 366–374. 
[36] K. Dotchev and W. Yusoff (2009), “Recycling of polyamide 12 based powders in the laser sintering process,” 
Rapid Prototyp. J., vol. 15, no. 3, pp. 192–203. 
[37] Y. Way, D. T. Pham, and K. D. Dotchev (2014), “Investigation of the Thermal Properties of Different Grades 
Polyamide 12 (PA12) in Improving Laser Sintering Process (SLS),” Appl. Mech. Mater., vol. 548–549, pp. 294–
296. 
[38] S. Dadbakhsh, L. Verbelen, T. Vandeputte, D. Strobbe, P. Van Puyvelde, and J. P. Kruth (2016), “Effect of 
powder size and shape on the SLS processability and mechanical properties of a TPU elastomer,” Phys. Procedia, 
vol. 83, pp. 971–980. 
[39] P. Steinle (2016), “Characterization of emissions from a desktop 3D printer and indoor air measurements in office 
settings,” Journal Occupational Environment Hygiene, vol. 13, no. 2, pp. 121–132. 
[40] P. Azimi, D. Zhao, C. Pouzet, N. E. Crain, and B. Stephens (2016), “Emissions of Ultrafine Particles and Volatile 
Organic Compounds from Commercially Available Desktop Three-Dimensional Printers with Multiple 
Damanhuri et al., Int. J. of Integrated Engineering Vol. 11 No. 5 (2019) p. 140-149 
 
 
 149 
Filaments,” Environment Science Technology, vol. 50, no. 3, pp. 1260–1268. 
[41] B. S. Parham Azimi,and Torkan Fazli (2017), “Predicting Concentrations of Ultrafine Particles and Volatile 
Organic Compounds Resulting from Desktop 3D Printer Operation and the Impact of Potential Control 
Strategies,” Journal Industry Ecology., vol. 21, pp. S107–S119. 
[42] E. L. Floyd, J. Wang, and J. L. Regens (2017), “Fume emissions from a low-cost 3-D printer with various 
filaments,” Journal Occupational Environment Hygiene, vol. 14, no. 7, pp. 523–533. 
[43] Azrin Suroto, Noor Faizah Fitri Md Yusof, Wan Norfazlinda,Nur Amanina Ramli, Syabiha Shith (2019), Influence 
of outdoor source on the variations of indoor PM 2.5 concentrations and its morphological properties in roadside 
school environment, International Journal of Integrated Engineering, vol 11, No2, pp. 119-128. 
[44]  Siti Farhana Zainal Bakri, Azian Hairi, Marzuki Ismail, Samsuri Abdullah and Nazrul Idzhan Kassim (2018), 
Evaluation of Respiratory Symptoms, Spirometric Lung Patterns and Metal Fume Concentrations among Welders 
in Indoor Air-Conditioned Building at Malaysia, International Journal Integrated Engineering, Special Issue 2018, 
Mechanical Engineering, Vol 10, No 5, pp 109-121.                 
 
